Background. In developed nations, Kawasaki disease (KD) is the most common cause of acquired heart disease in children. An infectious etiology is likely but has not yet been identified. We have previously reported that oligoclonal immunoglobulin A plasma cells infiltrate acute KD tissues and that synthetic KD antibodies detect a distinctive spheroidal antigen in acute KD ciliated bronchial epithelium.
death [1] . In developed nations, KD has replaced acute rheumatic fever as the most common cause of acquired heart disease in children [2] . Although the etiology is unknown, clinical and epidemiologic data support infection with a ubiquitous microbial agent. This theory predicts that most individuals are asymptomatically infected with the agent during childhood and that only a very small subset of genetically predisposed individuals develop clinical features of KD. In this model, the rarity of KD in infants !3 months old is explained by protective, passive maternal antibodies. The rarity of KD in adults is consistent with widespread immunity. Attempts to identify the etiologic agent of KD by traditional methods have not been successful.
Our laboratory has taken an immunologic approach to the investigation of the etiology of KD. We have discovered that IgA plasma cells infiltrate coronary arteries [3] and other inflamed tissues during acute KD [4] and that, compared with control subjects, peribronchial IgA plasma cells are significantly increased in the upper respiratory tracts of patients with acute KD, which is similar to findings in children with fatal viral respiratory infections [4] . We have also reported that macrophages and CD8 T lymphocytes are prominent in the inflammatory infiltrate [5] . These immunologic findings suggest the presence of an intracellular pathogen with a respiratory portal of entry. IgA genes in arteries from patients with acute fatal KD are oligoclonal, that is, are antigen driven [6] . We previously made oligoclonal KD antibodies in vitro and performed immunohistochemical experiments on formalin-fixed, paraffin-embedded tissues from patients with acute KD and from control subjects, and we reported that synthetic KD antibody A identified antigen in acute KD, but not in control, bronchial epithelium as well as in a subset of macrophages in inflamed acute KD tissues, such as the coronary arteries [7] . Antigen was localized to distinctive perinuclear, primarily apical intracytoplasmic "spheroidal bodies" in acute KD ciliated bronchial epithelium by use of synthetic KD antibody A. To further characterize this antigen in acute KD bronchi, we here examine ciliated bronchial epithelium from patients with acute KD by light microscopy (LM) and transmission electron microscopy (TEM).
PATIENTS, MATERIALS, AND METHODS

Patients and specimens.
Formalin-fixed, paraffin-embedded lung tissues from patients with fatal acute KD were studied by TEM, because fresh tissue from KD fatalities has been virtually unavailable. Autopsy revealed that patients 1-5 and 7 had coronary artery aneurysms and that patients 8 and 9 had coronary arteritis without aneurysms. Patient 6 had leukemia and developed classic clinical symptoms of acute KD. He developed fatal candidal sepsis 10 days after the onset of KD; autopsy did not reveal evidence of coronary arteritis (table 1) . Patients 1, 5, and 7 were included in our previous immunohistochemical study using synthetic KD antibody A [7] , as is noted in table 1. Control tissues included formalin-fixed, paraffin-embedded lung tissue from a 3-month-old infant with respiratory syncytial virus (RSV) infection and from a 12-month-old infant with rotavirus infection. We also studied glutaraldehyde-fixed lung tissue from a 1-month-old infant with congenital heart disease and bronchopneumonia and compared the results with those for formalin-fixed, paraffin-embedded lung tissue from the same patient. The present study was approved by the Institutional Review Board of Children's Memorial Hospital.
Synthetic KD antibodies. Synthetic KD antibodies were made as described elsewhere [7] . Immunohistochemistry (IHC) was performed with synthetic antibodies A and J. Antibody J, made from heavy chain 11-5 [6] and light chain 9-8 [7] , was prepared after our initial synthetic antibody study and demonstrates strong binding to acute KD ciliated bronchial epithelium. Control synthetic antibody I, made from heavy chain 4-2 [6] and light chain 9-8 [7] , does not demonstrate binding to acute KD or control ciliated bronchial epithelium.
IHC. Formalin-fixed, paraffin-embedded tissue sections were deparaffinized by use of xylene, rehydrated, and heated in 10 mmol/L sodium citrate buffer (pH 6.0), to enhance antigen retrieval, as described elsewhere [7] . Sections were incubated with 10-50 mg/mL biotinylated synthetic antibody A, J, or I, and color was developed by use of the Vectastain Elite ABC Kit (Vector). Diaminobenzidine tetrahydrochloride was used as a reaction product, to generate a brown stain. Sections were lightly counterstained with hematoxylin. We recorded positive results when strong brown staining of intracytoplasmic bodies was observed in ciliated bronchial epithelial cells.
Hematoxylin-eosin (HE), Feulgen, methyl green pyronin (MGP), and Fontana stains. Standard HE, Feulgen, MGP, and Fontana staining was also performed on formalin-fixed, paraffinembedded lung tissue.
TEM. TEM was performed in 2 different laboratories. At Loyola University, resin blocks were made from tissue sections from patients 1, 3, and 4 after IHC with synthetic antibody, to allow for accurate localization of bronchi containing the spheroidal bodies within the lung section. Tissue sections were treated with osmium tetroxide, dehydrated in graded ethanol, and transitioned through propylene oxide into increasing concentrations of epoxy resin. A prepolymerized blank epoxy block was positioned over the area of interest, and the slide was placed into a 60ЊC oven overnight. The block was snapped off the glass slide after brief contact with dry ice or quick immersion in liquid nitrogen, or both. The block was aligned and thinsectioned immediately at 80 nm by use of a diamond knife. Sections were picked up on fine bar grids and stained with uranyl acetate and lead citrate, and the grids were viewed on a Hitachi H600 transmission electron microscope at 75 kV.
At George Washington University, pieces of formalin-fixed, paraffin-embedded lung tissue (patient 2) were excised directly from areas of a tissue block containing bronchi that were positive by IHC. The paraffin-embedded tissue was placed on filter paper and warmed to 60ЊC for 5 min, to remove excess paraffin. To remove the remaining paraffin, the tissue was processed through xylene and decreasing ethanol concentrations and was brought to aqueous PBS neutral buffer. The tissue was then postfixed in osmium tetroxide, processed through graded ethanol and propylene oxide, and embedded in Spurr's epoxy. Semithin (1 micron) plastic sections were cut by use of a glass knife and were stained with the methylene blue/azure II/basic fuchsin trichrome stain for plastic-section LM. The blocks selected for TEM were thinned by use of a diamond knife, stained with uranyl acetate and lead citrate, and examined on a LEO EM10 transmission electron microscope operating at 60 kV.
RESULTS
We noted remarkable similarity between the LM appearance of the KD structures observed by IHC with synthetic KD antibody and intracytoplasmic inclusion bodies of various RNA viruses, such as members of the Paramyxoviridae family [8] . We used LM stains and TEM to determine whether intracytoplasmic inclusion bodies were present in acute KD bronchial epithelium and to determine whether, in addition to protein, nucleic acid was a component of the bodies (table 2) .
IHC. Dark brown-staining (mostly supranuclear) intracytoplasmic bodies were observed in ciliated epithelial cells of medium-sized bronchi from patients 1-6, 8, and 9 (figures 1 and 2) with synthetic antibodies A and J; these were not observed with control synthetic antibody I. Large bronchi (completely encased by cartilage) and small, nonciliated bronchi generally did not stain with synthetic antibodies A or J. All tissues that were positive with synthetic antibody A were also positive with synthetic antibody J and had the same pattern of staining, although antibody J generally resulted in stronger staining than did antibody A. Ciliated bronchial epithelium from patient 7 did not stain with synthetic antibody A or J, nor did bronchial epitheli-um from the control subjects. Nonciliated goblet cells (in the same acute KD bronchi in which positive ciliated cells were present) were also negative, as were control bronchi. Although most IHC-positive bronchi showed no evidence of cellular cytotoxicity [7] , some bronchi (from patients 4 and 8) did demonstrate acute bronchitis and even necrotizing bronchitis (figure 2). For patient 4, the preserved epithelial cells in damaged bronchi contained antigen (figure 2).
HE. Relatively subtle, round to oval intracytoplasmic perinuclear inclusion bodies could be observed in medium-sized bronchi from patients 1, 2, 4-6, 8, and 9 when stained with HE and examined by LM ( figure 1 ). The inclusion bodies often were amphophilic (staining with both eosin and hematoxylin), suggesting that they contained both protein and nucleic acid. No inclusion bodies were observed for patients 3 and 7 or in control bronchial epithelium.
Fontana stains for lipofuscin. Close analysis of HE-stained sections of bronchial epithelium from several patients with acute KD (patients 4-6) revealed the presence of irregular, golden yellow, granular supranuclear pigment resembling classic lipofuscin in ciliated bronchial epithelial cells (figure 1). Furthermore, in addition to the typical spheroidal bodies, IHC revealed pleomorphic, supranuclear, dark brown-staining material with synthetic antibodies A and J (figures 1 and 2) but not with control synthetic antibody I, suggesting that the antibody was also staining lipofuscin bodies. Therefore, we also performed Fontana staining for lipofuscin. For patients 3, 5, and 6, typical black, supranuclear, granular, lipofuscin staining of the ciliated epithelial cells was observed. However, the level of Fontana staining was much less than the amount of golden yellow granular pigment observed by HE staining and the pleomorphic material stained by IHC. This indicated that the Fontana stain was staining only a relatively small portion of what appeared to be classic lipofuscin in HE sections and suggested that the material that resembled lipofuscin but that was not detected by Fontana stain was KD antigen revealed by IHC. Fontana staining was negative for patients 4 and 7 and in control bronchial epithelium.
Feulgen and MGP stains. On the basis of staining of other cells that can serve as an internal control, the color balance of both the Feulgen and MGP stains appeared to be suboptimal. Nevertheless, the stains clearly delineated the inclusion bodies, indicating that they likely contained nucleic acid. However, because of the suboptimal staining, it was not possible to determine whether the nucleic acid was RNA or DNA. This could have resulted from prolonged initial formalin fixation and/or fixation under acid conditions. Semithin plastic sections. Perinuclear inclusion bodies were observed in semithin plastic sections from the only patient (patient 2) for whom tissue was retrieved from a paraffin block for TEM. They appeared dark blue with the methylene blue/azure II/basic fuchsin trichrome stain (figure 1), indicating very concentrated protein and/or nucleic acid accumulation. TEM. For patients 1-4, homogeneous, relatively regular, electron-dense inclusion bodies (up to 1.4 microns in diameter) were observed in the perinuclear region of the ciliated bronchial epithelial cells. Inclusion bodies were not present in nonciliated cells. These structures resembled the intracytoplasmic aggregates of viral proteins/nucleic acids, such as nucleocapsid aggregates, that are observed during infection with many RNA viruses (figures 3 and 4) [9] [10] [11] [12] [13] . Because membranes do not survive postmortem degeneration and the paraffin-embedding process, it was not possible to determine whether the inclusion bodies were membrane bound. Furthermore, these harsh conditions would undoubtedly obscure any ultrastructural features of virus-related structures that might be present in the inclusion bodies, for example, nucleocapsids and virions. Nothing resembling intranuclear inclusion bodies or viral components was identified in the nucleus. A section of the IHC-stained block face from patient 1 was compared with the TEM image from that area; excellent correlation was observed between the inclusion bodies identified by IHC and the electron-dense inclusion bodies observed by TEM (fig-ure 3). In patients 1, 3, and 4, in addition to inclusion bodies, many smaller, pleomorphic, electron-dense bodies were also observed. These structures were mostly homogeneous, unlike typical lipofuscin. No structures resembling bacterial, fungal, or parasitic elements were observed by TEM in the inclusion bodies, the epithelial cells, or the ciliated border external to the cells from patients 1-4.
DISCUSSION
In the present study, we report that LM and TEM demonstrate that synthetic KD antibodies A and J detect intracytoplasmic inclusion bodies in acute KD ciliated bronchial epithelial cells. The inclusion bodies are consistent with aggregates of viral proteins that are likely to be associated with nucleic acid. These results provide new insights into the etiology and pathogenesis of acute KD, and they suggest new directions for identification of the etiologic agent.
Although the coronary arteries are the most clinically significant site of inflammation in patients with acute KD, pathological studies indicate a high incidence of inflammatory lesions in many organs and tissues, including the lungs [14] . The epidemiologic profile of KD supports a ubiquitous etiologic agent, and most ubiquitous infectious agents enter the body through either the respiratory or the gastrointestinal tract. The infiltration of IgA plasma cells into the upper respiratory tract in patients with acute KD occurs in a pattern similar to that generally observed during respiratory viral infections [4] . The predominance of CD8 T lymphocytes in the inflammatory cell infiltrate during acute KD [5] implicates an intracellular pathogen as the etiologic agent. Our discovery that synthetic antibodies A and J bind to intracytoplasmic inclusion bodies in acute KD ciliated bronchial epithelium leads to speculation that the antibodies bind to antigens derived from the etiologic agent of KD and that the site of primary infection for acute KD may be the medium-sized bronchi of the lungs. Although limited TEM studies have been performed on lymph nodes, kidneys, conjunctivae, and peripheral blood from patients with acute KD [15] [16] [17] [18] , the lungs have not been examined. However, if the lungs are the site of primary infection for acute KD, examination of this tissue could be particularly important to understanding the disease's pathogenesis. Therefore, we studied ciliated bronchial epithelial cells from patients with acute KD by LM and TEM.
The normal ciliated bronchial epithelial cell is highly polarized, with an electron-dense nucleus and mostly electron-lucent cytoplasm. The rough endoplasmic reticulum and the Golgi complex are mostly apical and are adjacent to the nucleus. Small numbers of lysosomes can be present in the apical cy-toplasm, and mitochondria are present close to the apical surface, to provide energy for the cilia. Inclusion bodies are observed in the apical cytoplasm of mammalian ciliated bronchial epithelial cells infected with RNA viruses, particularly those belonging to the Paramyxoviridae family [8] ; these inclusion bodies represent aggregates of nucleocapsids.
Rapid, neutral-buffered glutaraldehyde fixation of fresh tissues is optimal for TEM, with rapid, neutral-buffered formalin fixation being second best. The tissue available to us from patients with acute KD was formalin fixed at autopsy and then embedded in paraffin and was, thus, exceedingly suboptimal for ultrastructural study. When TEM is performed on such material, cellular details such as membranes, cytoplasmic organelles, and infectious agents (especially viruses) are poorly preserved, at best. Although inclusion bodies consistent with aggregates of viral protein were observed in acute KD ciliated bronchial epithelial cells, viral particles or nucleocapsids were not identified, which, given the state of the tissue, does not rule out their presence.
Immune electron microscopy with gold beads is the optimal technique for confirming that the inclusion bodies observed by IHC are the same as the inclusion bodies observed by TEM; however, this technique is best suited to fresh tissues, which are virtually unavailable. Therefore, we aligned TEM images with the IHC-stained tissue block face and demonstrated that the inclusion bodies identified by the 2 techniques represented the same structures.
Inclusion bodies were predominantly observed in ciliated bronchial epithelial cells of medium-sized, compared with larger or smaller, bronchi. Recent evidence indicates that many respiratory viruses preferentially infect ciliated bronchial epithelial cells, potentially because they use certain sialic acid residues as receptors that are expressed only by ciliated epithelial cells [19, 20] .
The detection of golden yellow, lipofuscin-like pigment in ciliated bronchial epithelium from some patients with acute KD was, at first, puzzling. Classic lipofuscin is an age-related pigment-it is especially seen in adult liver, brain, and heart-and consists of oxidatively modified cross-linked proteins originating from autophagocytized, indigestible cytoplasmic components [21] . Although accumulations of lipofuscin can be observed in the neurons of children with neuronal ceroid lipofuscinosis, we were unable to find a precedent for accumulations of lipofuscinlike material in tissues from otherwise healthy infants or even infants with other respiratory infections (such as RSV infection), particularly in bronchial epithelium. The lower quantity of pigment detected by Fontana stain, compared with that observed as golden yellow granular pigment detected by HE stain, and the relatively small pleomorphic brown bodies observed in the IHC preparations suggest that the pigment observed in HE-stained sections is not classic, age-related lipofuscin but rather may be pigment formed during a process of lysosomal degradation of virus. Acute KD ciliated bronchial epithelium appears to contain large quantities of protein in inclusion bodies. The major cytoplasmic pathway used by eukaryotic cells to selectively degrade excess proteins is ubiquitin-dependent proteolysis in the proteasome. Proteins not degraded by proteasomes can be autophagocytized, further oxidized within lysosomes, and, therefore, partly converted into lipofuscin. It is possible that excessive viral protein produced in the bronchial epithelial cells cannot be handled by the proteasome and that, as a result, lysosomal activity is increased. Alternatively, several viruses-such as adenovirus [22] , herpesviruses [23] , and, potentially, severe acute respiratory syndrome coronavirus (CoV) [24] -may produce proteins that interfere with proteasome function to their advantage. Proteasome inhibition has been shown to enhance lipofuscin formation [25] . Thus, the etiologic agent of KD may interfere with proteasome function, resulting in increased lysosomal degradation of its proteins and resultant lipofuscin-like deposits containing undigested viral material.
Because synthetic antibodies A and J both bind to inclusion bodies in ciliated bronchial epithelial cells in patients with acute KD, and because both show binding to tissues from the same patients with acute KD, it is likely that these antibodies bind to the same or different epitopes of a single antigen. The detection of the inclusion bodies by synthetic monoclonal KD antibodies implies that KD results from infection with a single respiratory viral agent or a group of very closely related viral agents, as we suggested in our previous study [7] . A recent study reported detection of human CoV (HCoV) NL63 in respiratory samples from patients with acute KD by reverse-transcriptase polymerase chain reaction [26] , but we, in collaboration with an international multicenter group of collaborators [27] , and at least 2 other independent groups of investigators [28, 29] have subsequently tested respiratory samples from children with acute KD from diverse geographic locations and reported that acute KD is not associated with HCoV-NL63. Therefore, we believe that it is unlikely that the inclusion bodies we observed are the result of infection with HCoV-NL63.
We suspect that KD likely results from infection with an asyet unidentified viral agent. Identification of the antigen detected by use of synthetic KD antibodies A and J in acute KD tissues has been considerably hampered by the lack of fresh tissue samples available for analysis. Deaths from acute KD are rare but continue to occur worldwide. It will be critical to obtain glutaraldehyde-fixed tissue samples from future fatalities so that more-optimal ultrastructural experiments can be performed. Identification of the structure of any viral particles observed could be critical in narrowing the search for a viral etiologic agent. In the meantime, we are using various molecular methods to analyze formalin-fixed tissues in an effort to determine the nature of the viral proteins and/or nucleic acids present in the inclusion bodies.
